This study provides a set of nutritional and environmental parameters suitable for the growth of morel (Morchella crassipes) sclerotia in the laboratory, using a modffication of the jar method of Ower et al. (U.S. patent 4,594,809, June 1986). The optimum nutritional and environmental conditions for morel sclerotium formation and maturation as determined in this study consist of a layer of rye grain supplemented with peptone, yeast extract, trace elements, and Casamino Acids overlaid with perforated aluminum foil and covered with a layer of nutrient-poor soil medium in an 8-oz. (ca. 237-ml) glass jar in the dark. We noted that addition of asparagine or aspartic acid as a nitrogen source to the rye also had a beneficial effect on sclerotium formation, while addition of carbon sources had no significant effect.
In nature, morel fruiting bodies are usually produced during a 2-week period in early spring. The major source of nutrition used at this time to support fruiting-body growth and development is presumed to be sclerotia, the large multicellular storage structures first described by Fron (3) . Although he did not realize the significance of the sclerotium in the life cycle, he did record that they could grow to be "quite large and looked and tasted like fruiting bodies." Sclerotia are formed by the Morchella crassipes mycelium and serve to protect the fungal cells through the adverse environmental changes brought on by winter. In the spring, a fruiting mycelium is produced as a result of sclerotium germination, which gives rise to the familiar morel fruiting bodies. This important role of the sclerotium in the life cycle of Morchella spp. was confirmed by Ower (15) 4,594,809, June 1986 ), who also demonstrated that sclerotia can be cultivated and used to produce morel fruiting bodies under controlled conditions. This important finding underscores the need to determine optimal conditions for sclerotium formation, growth, and maturation so that their production can be controlled.
Although there are no published studies on the nutrition of sclerotia in Morchella spp., some clues regarding nutrition may be revealed by the nutritional needs of vegetative hyphae (4) . The physiology of Morchella vegetative mycelium has been relatively well studied compared with other aspects of the morel life cycle. Fron (3) reported on carbon nutrition and the effects of pH on mycelial growth, although he did not include any quantitative data.
Brock (2) did an extensive study on the nutrition of Morchella esculenta in which he compared various carbon and nitrogen sources for their ability to support vegetative growth in liquid culture. Although Brock's study involved only a single stipe culture of M. esculenta, which by itself may be too narrow to represent the entire genus, his experiments were repeated by Kaul (7, 8) , who extended the study to (10) , cheese whey (9) , and peat hydrolysates (13) .
Mineral nutrition has also been examined in Morchella spp. Robbins and Hervey (17) studied the beneficial effects of wood and tomato extracts on the growth of one isolate each of M. crassipes and M. esculenta; the minerals of wood ash were found to be the cause of this increased vegetative growth (18) . Morels also seem to thrive in the aftermath of forest fires (1, 5, 14, 16), which again points to the effects of ash.
The nutrition of sclerotium formation in Morchella spp. has received only scant attention. In these studies, "wheat berries" were the substrate of choice (15; Ower et al., patent, 1986). We have also described another method of sclerotium formation (T. J. Volk and T. J. Leonard, Mycol. Res., in press). We found that morel sclerotia were not true sclerotia (Volk and Leonard, in press), as characterized in Sclerotinia sclerotiorum, which differentiates complex tissues such as rind and medulla, but rather were more like the relatively undifferentiated "pseudosclerotia" of Monilinia fructigena. Although these structures are more properly termed pseudosclerotia, we have followed the lead of Willetts (23), who referred to any "macroscopic fungal resting structure" as a sclerotium, and we have adopted this terminology for the morel.
Following up on the premise of Hawker (4) that substrates that will support good vegetative growth of fungi will also support good sclerotium formation, we tested Morchella spp. on a variety of natural, synthetic, and semisynthetic media with the jar method (Ower et al., patent, 1986 modules of the Systat statistical package (Systat, Inc., Evanston, Ill.).
RESULTS
Sclerotium formation on nutrient agar medium in petri dishes. Several basal agar media were supplemented singly with simple and complex nutrients to determine the relationship between good vegetative growth and good sclerotium formation (Table 1) . Although most of the nutrients fostered about the same level of excellent vegetative growth, with the mycelium colonizing the entire 9-cm petri dish in about 6 days, none of these nutrients provided for good sclerotium formation with these strains. In the small percentage of cases in which sclerotia formed, production was poor (one to four sclerotia per plate) and the sclerotia were uniformly small (1 to 2 mm diameter).
Sclerotium formation on complex medium in jars. Since the JR strains will not form large sclerotia without a "casing layer," the jar method of Ower et al. (patent, 1986 ) was used to produce sclerotia from these strains. After inoculation of JR mycelia on top of the soil layer, the hyphae grew through the nutrient-poor soil substrate to reach and colonize the nutrient-rich substrate (Fig. 1) . As in other sclerotiumforming fungi (20) , nutrients were translocated back into the hyphae in the nutrient-poor substrate, as evidenced by the accumulation of oil droplets in the swelling cells (Volk and Leonard, in press), at which time light-colored sclerotial initials formed. These initials grew in size, and where they made contact with each other they often coalesced to form several large sclerotia. Maturation of the sclerotia was considered complete when radial growth of the sclerotia was no longer detectable and the sclerotia became darkly pigmented; in most cases this was 3 to 4 weeks after inoculation at room temperature. Mature sclerotia were often quite large (2 to 5 cm diameter) when they were removed from the container (Fig. 2) . Many different substrates were tried in the jar method to determine an optimal basal medium for further studies. Those tract, corn husks, corn silk, and elm fruits. Those substrates that were not successful in the induction of large sclerotia included rice, millet, cornmeal, corn cobs, jerusalem artichokes, apples, apple juice, turnips, pumpkin, tomato juice, carrots, and fungal fruiting-body or mycelial macerates (Laetiporus sulfureus, Pleurotus ostreatus, Agaricus bisporus, Trichoderma viride, and Armillaria mellea). Some of these substances were chosen because of various reports on their performance with fruiting in the morel. Others were chosen because of their easy availability. Most of the grains, especially wheat, rye, and corn, were particularly vigorous in their support of sclerotium production.
Effect of container size on sclerotium production. Although larger jars produced quantitatively more and therefore greater weights of sclerotia of approximately the same size (Table 2) , the BE in smaller 8-oz. jars was significantly greater than that of either of the two larger jars (16 and 32 oz.). The results were verified with the use of Duncan's multiple-range test.
Effect of light on sclerotium production. The effects of four light regimens on the production of sclerotia by Morchella spp. in 8-oz. glass jars is shown in Table 3 . Sclerotium yield was maximum in continuous darkness and was completely inhibited by continuous light. Intermediate light conditions caused some inhibition. The biological efficiencies clearly fell into three groups with regard to light duration when analyzed by Duncan's multiple-range test.
Nutrient supplementation of rye medium. Production of sclerotia was tested in rye medium supplemented with such complex nutrient additives as peptone, yeast extract, trace elements, and Casamino Acids ( Table 4 ). The biological efficiencies of this experiment were analyzed by a factorial analysis of variance, which was designed to determine the effects of single additives as well as two-way, three-way, and four-way interactions of the additives. The results of this analysis showed that the three-way and four-way interactions were not statistically significant (P = 0.896) and the two-way interactions were marginally significant (P = 0.139). Therefore, a reduced model was constructed which took into account only the effects of single additives as well as the two-way interactions. Little accuracy was lost in reducing the model in that the extended model was able to explain 31.6% of the variation and the reduced model was able to explain 29.7% of the variation. The remaining variation is due to error; the replicates within each treatment group varied considerably and the standard deviations were quite high. The analysis of variance (cx = 0.05) on the reduced model indicated that the Casamino Acids had the most significant effect on sclerotium production (P = 0.002), although the addition of yeast extract was also significant (P = 0.032). Neither peptone nor the addition of trace elements produced a statistically significant effect (P = 0.122 and 0.220, respectively). Among the two-way interactions, only the interaction of the Casamino Acids with the trace elements was significant (P = 0.043), although the interaction of Casamino Acids with peptone was nearly significant (P = 0.052). Duncan's multiple-range test (ot = 0.05) revealed that only the addition of all four substances (i.e., RPYTC) yielded a mean that was statistically different from the control mean.
The various nitrogen sources used to supplement rye and their impact on sclerotium formation are shown in Table 5 . Two of the nitrogen sources, asparagine and aspartic acid, increased the biological efficiency above that of the control, although sodium nitrate and ammonium chloride had a slight positive effect.
The effect of adding various carbon sources to rye was analyzed in a similar manner (Table 6 ). An analysis of variance (cx = 0.05) indicated that none of the carbon sources had a significant effect on sclerotium production.
DISCUSSION
Sclerotium formation in most Morchella isolates appears to be under a different type of control than in other sclero- (21) , which, in contrast to Morchella spp., easily form sclerotia on the same nutrient agar media that support good vegetative growth. Although vegetative growth of our Morchella strains on most of the media tested in petri dishes was good, sclerotium production was relatively poor. The few small sclerotia developed only after most of the nutrient reserves were consumed by vegetative growth; therefore, the sclerotia were not able to act as nutrient sinks to further growth, since there did not appear to be any usable nutrients left in the medium. Whether this extends to other morel strains is not clear. Moreover, sclerotia formed in this manner would not be expected to have a large enough nutrient reserve to support fruiting-body formation, since large nutrient reserves are necessary for fruiting of most macrofungi. Therefore, we tried another method reported to produce larger sclerotia, the jar method (Ower et al., patent, 1986 ).
As expected, the jar method yielded larger and more abundant sclerotia than any of the agar cultures. The primary objective of this portion of the study was to determine favorable substrates which support rapid growth of large sclerotia. As a practical matter, the substrate should be inexpensive and lend itself to large-scale employment. This factor ruled out using as primary substrates the relatively expensive pure nutrients which had supported good vegetative growth in agar culture; nevertheless, their use as sup- Thus, it is somewhat surprising that only the combination of all four additives produced a significantly greater biological efficiency than the control, rye alone. Because of this effect and the high biological efficiencies, over 100% in some of the replicates, RPYTC medium is used extensively for sclerotium production in this laboratory and was used in the environmental experiments in this study.
These results with complex additives to rye medium led to studies to determine whether nutrient supplements could enhance biological efficiency. Addition of two nitrogen sources, asparagine and aspartic acids, produced a significantly greater biological efficiency than in the control. These were also among the best nitrogen sources for vegetative growth in Brock's studies (2) . None of the carbon source additions produced a significantly greater biological efficiency; this is interpreted to mean that carbon availability is not a limiting factor in the rye medium.
In order to test the legitimacy of using biological efficiency as a measure of yield, dry weights of the soil layer plus sclerotia were determined. Sclerotium yields measured in dry weight agreed with the data for biological efficiency (data not shown). However, the biological efficiency is reported because it is a much more useful parameter in the mushroom industry, since it is more easily measured.
The results of this study indicate a regimen that produces good sclerotium formation in these isolates of M. crassipes. Our data indicate that the jar method of Ower et al. (patent, 1986) with RPYTC medium (rye, peptone, yeast extract, trace elements, and Casamino Acids) as the substrate in 8-oz. glass jars in the dark is the best method. Although this regimen works well with the JR series of M. crassipes described in this study as well as several other Morchella strains that we tested in preliminary studies, it would be premature to prescribe this regimen for production of sclerotia by all Morchella strains. In fact, we only recently isolated an unusual series of strains which do not require a nutrient-poor medium adjacent to the substrate for excellent sclerotium formation. Further experiments are under way to determine the optimal conditions for these soil-free sclerotium-producing strains.
